It is becoming clear that astrocytes are active participants in synaptic functioning and exhibit properties, such as the secretion of classical transmitters, previously thought to be exclusively neuronal. Whether these similarities extend to the release of neuropeptides, the other major class of transmitters, is less clear. Here we show that cortical astrocytes can synthesize both native and foreign neuropeptides and can secrete them in a stimulation-dependent manner. Reverse transcription-PCR and mass spectrometry indicate that cortical astrocytes contain neuropeptide Y (NPY), a widespread neuronal transmitter. Immunocytochemical studies reveal NPY-immunoreactive (IR) puncta that colocalize with markers of the regulated secretory pathway. These NPY-IR puncta are distinct from the synaptic-like vesicles that contain classical transmitters, and the two types of organelles are differentially distributed. After activation of metabotropic glutamate receptors and the release of calcium from intracellular stores, the NPY-IR puncta fuse with the cell membrane, and the peptidecontaining dense cores are displayed. To determine whether peptide secretion subsequently occurred, exocytosis was monitored from astrocytes expressing NPY-red fluorescent protein (RFP). In live cells, after activation of glutamate receptors, the intensity of the NPY-RFP-labeled puncta declined in a step-like manner indicating a regulated release of the granular contents. Because NPY is a widespread and potent regulator of synaptic transmission, these results suggest that astrocytes could play a role in the peptidergic modulation of synaptic signaling in the CNS.
Introduction
Astrocytes are a prominent population of cells in the CNS that have diverse roles including regulation of the extracellular environment, provision of neurons with metabolites, modulation of synaptic transmission, and regulation of the vascular system (Haydon and Carmignoto, 2006) . They also act as target cells that respond to small molecule ("classical") transmitters released from neurons (Bergles et al., 1997) . In addition to acting as sensors of transmitter release, astrocytes themselves synthesize and release a variety of neuroactive molecules ("gliotransmitters") (Grandes et al., 1991) including glutamate, ATP, and D-serine, a behavior once thought characteristic of neurons (Schell et al., 1995; Mothet et al., 2005) . Such glial-secreted molecules can modulate neuronal excitability and synaptic transmission through the activation of neuronal receptors (Kang et al., 1998; Fellin et al., 2004; Pascual et al., 2005) . Although the mechanism(s) underlying secretion may involve membrane channels and transporters (Evanko et al., 2004) , release can also occur via a calcium-mediated process involving the vesicular exocytosis of gliotransmitters (Innocenti et al., 2000; Pasti et al., 2001; Zonta et al., 2003) . Many of the molecules that are needed for neuronal vesicular transmitter release, including soluble N-ethylmaleimidesensitive factor attachment protein receptor (SNARE) proteins, glutamate transporters, and synaptotagmin isoforms, have been found in astrocytes (Montana et al., 2004; Zhang et al., 2004a,b) . These studies indicate that astrocytes can secrete small molecule transmitters.
How far do these glial-neuronal similarities extend? Do astrocytes also synthesize and release neuropeptide cotransmitters just like the majority of neurons? A variety of astrocytic neuropeptides have been identified (Michel et al., 1986; Shinoda et al., 1989; Melner et al., 1990; McKenzie et al., 1994; Barnea et al., 1998; Buzas et al., 1998) , but the synthesis, trafficking, and release of these molecules has not been widely studied, and fundamental questions remain. In particular, are these neuropeptides synthesized and packaged via similar pathways to those identified in neurons? Are astrocytic neuropeptides colocalized with the small molecule gliotransmitters? Are glial neuropeptides secreted, and if so, does exocytosis occur through the regulated or constitutive secretory pathways?
Here we address these questions using mouse cortical astrocytes. We find that these cells are able to synthesize both foreign and native neuropeptides, including neuropeptide Y (NPY), a peptide widely distributed throughout the mammalian nervous system (Gray and Morley, 1986) . Activation of metabotropic glutamate receptors results in a calcium-dependent fusion of NPYcontaining dense-core granules with the cell membrane and consequent peptide secretion. Therefore, astrocytes, like neurons, have a regulated secretory pathway(s) that is responsible for the release of multiple classes of transmitter molecules. Because NPY is a potent regulator of synaptic transmission (van den Pol et al., 1996) and NPY receptors are found throughout the CNS (Dumont et al., 2004) , astrocytes may be involved in the peptidergic regulation of synaptic transmission.
Materials and Methods
Cell culture. Astrocytes were cultured from C57BL/6 mice [postnatal day 1 (P1) to P3] as described previously (McCarthy and de Vellis, 1980; Parpura et al., 1995) . Briefly, cortical tissue was treated with trypsin (Sigma type XI) for 50 min at 37°C and dispersed by trituration. Cells were plated into tissue culture flasks and maintained at 37°C in culture medium (DMEM/10% FBS) in a humidified 5% CO 2 /95% air atmosphere. Once cultures became confluent (7-10 d) the flasks were shaken at 300 rpm at 37°C in air, initially for 2 h and then after a complete exchange of medium for 18 -20 h (repeated three times). The remaining cells were detached using trypsin/EDTA and plated on coverslips coated with poly-D-lysine. Purified astrocytes were used 1-12 d after plating (DAP; see Results). This procedure eliminated weakly adhesive cells including neurons and microglia. Staining with an anti-glial fibrillary acidic protein (GFAP) antibody (see below) indicated that Ͼ70% of the cells were intensely GFAP immunoreactive. The lack of neurons in these cultures was confirmed by the absence of microtubule-associated protein (MAP) immunoreactivity, a neuronal dendritic marker. As a positive control, we confirmed that the MAP antibody stained dendritic processes in glial-neuronal cocultures (data not shown). Cocultures of astrocytes and neurons (see Fig. 1 A) were derived from C57BL/6 mice (P1-P3). AtT-20 cells were cultured in DMEM/10% FBS as described previously (Whim and Moss, 2001) .
Reverse transcription-PCR. RNA was isolated from astrocytes growing on a single coverslip using TRIzol (Invitrogen), following the manufacturer's instructions. The pellet was dissolved in 25 l of water containing 1 l of RNasin (40 U/l). A sample (4 l) was treated with DNase (1 l of 10ϫ buffer, 1 l of 1 U/l DNase, 4 l of water) and sequentially incubated at 37°C for 30 min and at 65°C for 10 min. Oligo(dT)15 primer (1 l, 0.5 g/l) and water (4 l) were added, and the mixture was heated to 70°C for 5 min and cooled on ice. Reverse transcription was performed by incubation at 42°C for 60 min after the addition of 5 l of 5ϫ buffer, 2 l of 12.5 mM dNTPs, 0.5 l of RNasin, 1 l of 200 U/l Moloney murine leukemia virus reverse transcriptase, and 1.5 l of water. The reaction was then terminated by incubation at 95°C for 5 min. PCR used previously described intron spanning primers for GFAP (Zhang et al., 2004b) and NPY (Fann and Patterson, 1993) , except that the latter were The insets show that no NPY-IR staining was observed when the primary NPY antibody was omitted. C, Astrocytes in a brain slice showed staining for both GFAP and NPY (open arrows) . Some NPY-IR neuronal processes were also present (filled arrows). Scale bar, 5 m. D, Astrocytic lysate was subjected to MALDI-TOF mass spectrometry. A peak was found at 4268.7 m/z. Given the Ϯ0.1% nominal mass accuracy for this technique, this is consistent with the presence of NPY (theoretically 4271.7 m/z). E, MALDI-TOF of NPY (0.5 pmol) generated a signal at 4268.9 m/z, confirming the presence of NPY in the cell lysate in D. A second peak was also apparent (4284.9 m/z), which may be attributable to oxidation of the single methionine residue in NPY (leading to the observed 16 m/z difference). The gray bars in D and E indicate the expanded regions shown on the right. Each spectrum was individually normalized to the largest peak. F, RT-PCR of purified astrocyte cultures revealed the presence of NPY and GFAP mRNA. Amplicons were not produced from control reactions lacking either reverse transcriptase or nucleic acid. Water cntrl., Water control; RT pos., reverse transcriptase positive; RT neg., reverse transcriptase negative.
slightly modified to account for differences between the rat and mouse sequences. The forward GFAP primer was 5Ј-GCCACGTTTCT-CCTTGTCTCGA-3Ј, and the reverse GFAP primer was 5Ј-GCTTCATGTGCCTCCTGTC-TAT-3Ј (435 bp product). The forward NPY primer was 5Ј-GCTAGGTAACAAGCGAAT-GGGG-3Ј, and the reverse NPY primer was 5Ј-CACATGGAAGGGTCTTCAAGC-3Ј (288 bp product). Each reaction contained 5 l of 10ϫ buffer, 2.5 l of 20 M each primer, 1 l of 5 U/l Taq polymerase, 2.5 l of the reverse transcription reaction, and water to a final volume of 50 l. The PCR protocol was 94°C for 45 s, 55°C for 45 s, and 72°C for 75 s, for 36 cycles, and then 94°C for 60 s, 55°C for 45 s, and 72°C for 75 s. Samples (20 l) were analyzed on 2% agarose gels and photographed, and the images were inverted for clarity. Bands corresponding to the GFAP and NPY products were excised, and sequencing of the amplicons confirmed that both contained the expected products. Controls included omission of reverse transcriptase (to reveal any genomic contamination) and substitution of water for template DNA (to test for nonspecific amplification). Both controls were negative.
Mass spectrometry. Cell lysates were prepared and analyzed primarily as described previously (Che et al., 2004) . Briefly, purified cortical astrocytes growing in a 25 cm 2 flask were extracted in 1 ml of 10 mM HCl, sonicated for 2-3 min, and incubated at 70°C for 20 min. After centrifugation at 6000 rpm for 10 min, the supernatant was applied to a 10 kDa cutoff Centricon filter (Nanosep 10K Omega; Pall Corporation) and centrifuged for 20 min at 14,000 rpm. The flow-through was lyophilized and resuspended in 20 l of 0.1% trifluoroacetic acid (TFA). The sample was subsequently desalted with a ZipTip C18 column (Millipore), eluted with 5 l of 80% acetonitrile (ACN) plus 0.1% TFA, and lyophilized.
Each lyophilized sample was solubilized in ␣-cyano-4-hydoxycinnamic acid (5 mg in 50% ACN/H 2 0 plus 0.1% TFA) and spotted on a matrix assisted laser desorption ionization (MALDI) target plate. The sample was analyzed with a 4700 Proteomics Analyzer (Applied Biosystems) MALDI-time of flight (TOF) mass spectrometer in linear positive mode (500 laser shots per spectrum). NPY (American Peptide Company) was used for calibration.
In vitro immunocytochemistry. After a brief wash with extracellular solution (in mM: 135 NaCl, 3 KCl, 1 MgCl 2 , 2 CaCl 2 , 10 HEPES, and 11 glucose, pH 7.3), cells were fixed with 4% paraformaldehyde in PBS at room temperature (RT) for 20 min and permeabilized with 0.3% Triton X-100 in PBS for 15 min. To block nonspecific binding, cells were exposed to blocking solution (PBS containing 0.05% Triton X-100 and 0.25% BSA) for 30 min and incubated overnight at 4°C in primary antibody. Cells were washed in blocking solution (four times for 15 min) and incubated in a secondary antibody for 90 min at RT. After washing with blocking solution and PBS, the coverslips were mounted with Vectashield (Vector Laboratories).
In situ immunocytochemistry. Sagittal brain slices (200 m) were prepared from P8 mice as described previously (Liu and Cull-Candy, 2000) using a microslicer (Leica VT 1000S) and held for 1 h in artificial CSF (in mM: 125 NaCl, 2.5 KCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2 CaCl 2 , 1 MgCl 2 , and 25 glucose, pH 7.3) continuously bubbled with 95% O 2 and 5% CO 2 . After incubation, slices were transferred to poly-D-lysine-coated slides for 1 h at 37°C in culture medium (DMEM/10% FBS), washed with extracellular solution, fixed (4% paraformaldehyde in PBS at RT for 90 min), and permeabilized (1% Triton X-100 in PBS overnight at RT). Slices were incubated in blocking solution (PBS containing 0.05% Triton X-100, 0.25% BSA, and 10% donkey serum) for 48 h at 4°C and incubated for 48 h at 4°C in primary antibody in blocking solution. Slices were washed (four times for 15 min) and incubated with a secondary antibody for 4 h at RT.
After washing, the slices were mounted in Vectashield, and images were taken using an Olympus Fluoview 300 confocal microscope.
Primary antibodies used were mouse anti-GFAP (1:600; MAB3402; Millipore Bioscience Research Reagents), mouse anti-carboxypeptidase E (CPE) (1:600; 610758; BD Biosciences Transduction Laboratories), , and donkey anti-mouse TRITC, goat anti-mouse FITC, donkey anti-guinea pig FITC, donkey anti-rabbit TRITC, donkey antisheep TRITC (all 1:50; Jackson ImmunoResearch). For double-staining experiments, antibodies were applied sequentially with the anti-NPY antibody applied first. Control experiments showed there was no significant bleed-through of the fluorescent labels or cross-reactivity between antibodies. NPY-immunoreactive (IR) puncta were observed with both the rabbit NPY (Ma et al., 2006) and sheep NPY antibodies (Jinno et al., 2007) . All presented data were generated using the former. Images were obtained with a Nikon TE2000U microscope with a 60ϫ (1.4 numerical aperture) oil-immersion objective and a Retiga 1300 monochrome camera.
Secretion experiments. Coverslips with astrocytes were briefly washed with extracellular solution and subsequently incubated with agonists for varying amounts of time at RT. Cells were then fixed and processed for NPY immunoreactivity as detailed above, except that in most experiments the permeablization step was omitted (to reveal extracellular staining). To quantify the amount of secretion, the number of surface NPY-IR puncta in each condition was compared with the number of NPY-IR puncta in permeabilized cells prepared from the same culture. Thus, each experiment had its own internal positive control. Each experiment was repeated at least three times using independent cultures. In experiments to determine the loss of extracellular staining after agonist stimulation (see Fig. 7 ), the cells were washed in external solution and incubated for varying lengths of time before fixation. Most agonists were prepared as stock solutions in distilled water, except for BAPTA-AM and thapsigargin, which were prepared in DMSO and diluted into extracellular medium. In these experiments, the control cells were incubated in extracellular solution containing vehicle (Ͻ0.23% DMSO). Analysis. To quantify NPY secretion, images were taken of cells at random on each coverslip (i.e., each experimental treatment). The same acquisition times were used for all cells in a particular experiment. To quantify secretion, the number of NPY-IR puncta per cell was counted. For each experiment, an intensity threshold that identified visually unambiguous puncta was determined after examining several coverslips. The threshold value was subsequently used to analyze all coverslips from that experiment. Typically, the area around the nucleus was omitted from analysis. Values were then expressed relative to the number of puncta in the positive control cells. For measurements of fluorescence ratios (see Fig. 4C ), equal numbers of puncta were picked in each channel using the same size area of interest. Statistical significance was assessed using ANOVA and the Tukey's post hoc comparisons test. Image-Pro Plus 5.1 (Media Cybernetics), OriginPro7, and Excel were used for data analysis.
Measurement of intracellular Ca 2ϩ levels. Astrocytes (8 -11 DAP) were incubated in extracellular solution containing 2.5 M fura-2 AM plus 0.05% Pluronic F-127 for 60 min at 37°C. After incubation, the cells were washed with extracellular solution and imaged using a Nikon E600 FN microscope and a 40ϫ water-immersion objective. Cells were sequentially illuminated at 340 and 380 nm for 100 ms every 2 s, and emission was collected at 510 nm using a Photometrics Cascade 512B camera (Roper Scientific) and InVivo software (Media Cybernetics). Statistical significance was assessed using ANOVA.
Transfection and live cell imaging experiments. Astrocytes were plated onto coverslips and transfected 48 h later with 1 g of pNPY.Fa and 0.25 g of pGFP using 1.5 l of Lipofectamine 2000 (Invitrogen) per coverslip. AtT-20 cells were transfected with 0.65 g of pNPY.Fa and 0.2 g of pGFP using 3 l of Lipofectamine 2000 per coverslip. Cells were stained 2 d later. The pNPY.Fa plasmid, which encodes the NPY prohormone tagged with FMRFamide, has been described previously (Whim and Moss, 2001) . Expression of this plasmid results in the cosynthesis of NPY and FMRFamide because they are contained on the same prohormone. The pNPY-RFP plasmid was constructed by fusing mRFP1 (provided by R. Y. Tsien, University of California San Diego, La Jolla, CA) to the COOH end of NPY [i.e., upstream of the KR consensus cleavage site, thus preventing removal of the red fluorescent protein (RFP) tag in the lumen of the dense-core granules]. A stop codon was inserted after RFP (to avoid synthesis of FMRFamide). All constructs were verified by sequencing.
For live cell imaging experiments, astrocytes were plated in glass-bottomed dishes. Cells were cotransfected after 48 h with 3 g of pNPY-RFP and 0.5 g of pGFP using calcium phosphate (Jiang et al., 2004 ) and used 2-3 d after transfection. During an imaging experiment, the dish was mounted on the microscope in a semienclosed superfusion chamber to prevent fluctuations in bath volume.
Results

A population of cortical astrocytes synthesizes NPY
In neuron-astrocyte cocultures, both cell types unexpectedly showed prominent NPY immunoreactivity (Fig. 1 A) . To examine the expression in more detail, purified cortical astrocyte cultures were costained for NPY and GFAP, a marker of type I and II astrocytes (Raff et al., 1983) . NPY-IR puncta were found in both GFAP-positive and -negative cells as early as 4 DAP and continued to increase in prominence up to 12 DAP (Fig. 1 B) (at 12 DAP, 72 Ϯ 3% of the GFAP-IR cells were also NPY immunoreactive; mean Ϯ SD; n ϭ 3 separate experiments, 29 -34 cells per experiment). NPY-IR astrocytes were widely distributed because similar staining was found in GFAP-IR cells isolated from the hippocampus, hypothalamus, and cerebellum (data not shown). Staining was found using two different NPY antibodies (see Materials and Methods) and was blocked by preabsorption with 100 M NPY but not with metenkephalin (data not shown), a peptide that is also synthesized by some astrocytes (Hauser et al., 1990) . Omission of the primary NPY antibody eliminated the staining (Fig. 1 B, insets) . NPY-IR astrocytes were also found in situ when thin slices were prepared from the CNS (Fig. 1C) , suggesting that NPY is present in these cells under physiological conditions. We then used MALDI-TOF mass spectrometry to determine whether astrocytes contained NPY. In the astrocyte lysate, we identified a peak with an m/z value corresponding to that of authentic NPY (Fig. 1 D, E) . Fi- Figure 3 . NPY-IR puncta colocalize with markers of the secretory pathway. A, A marker of the cis-Golgi, GM130, stained a perinuclear region in cultured astrocytes that partially overlapped with NPY immunoreactivity. B, Astrocytes were costained for CPE (left), a marker of dense-core granules, and NPY (middle). The right panel shows the merged image. CPE immunoreactivity was punctate and colocalized with the NPY-IR puncta. C, Neuroendocrine AtT-20 cell costained for CPE and NPY. Punctate localization of endogenous CPE immunoreactivity was found in the cell body and the tips of the processes (arrow). Because AtT-20 cells do not endogenously synthesize NPY, no staining with an NPY antibody was seen (middle and right). D, AtT-20 cell transfected with NPY prohormone. In this cell, the NPY-IR puncta colocalized with the endogenous CPE-IR puncta. Scale bar, 15 m. nally, when mRNA was extracted from purified glial cultures and used in a reverse transcription-PCR (RT-PCR), amplicons of the expected size and sequence for NPY and GFAP were produced (Fig.  1F) , indicating the presence of mRNAs encoding NPY and GFAP. Thus, several lines of evidence are consistent with the synthesis and expression of NPY in cortical astrocytes. This is in agreement with other work reporting the presence of NPY immunoreactivity and NPY mRNA in human and rodent astrocytes (Barnea et al., 1998 (Barnea et al., , 2001 .
Astrocytes contain the synthetic pathway(s) required for neuropeptide synthesis
If astrocytes endogenously contain NPY, they should have the metabolic pathway(s) required for neuropeptide production. To test this idea, we examined whether astrocytes could synthesize a foreign neuropeptide. Cultures were transfected with a plasmid encoding the NPY prohormone that had been tagged with FMRFamide (Whim and Moss, 2001 ) and a plasmid encoding green fluorescent protein (GFP; to identify the transfected cells). This should result in the expression of both NPY and FMRFamide, a small neuropeptide that has not been found endogenously in the mammalian nervous system (Zajac and Mollereau, 2006) . Whereas control cells showed no FMRFamide immunoreactivity, GFP-positive cells contained FMRFamide-IR puncta (Fig. 2) . Thus, cortical astrocytes are able to synthesize a foreign neuropeptide when transfected with the appropriate cDNA.
NPY immunoreactivity colocalizes with the dense-core granule synthetic pathway Synthesis of neuropeptides in neurons and neuroendocrine cells occurs via a well defined pathway that involves the endoplasmic reticulum (ER) and Golgi network (Sossin et al., 1989) . Ultimately, the peptides reside in dense-core granules that can fuse with the cell membrane (Whim, 2006) . If astrocytes make neuropeptide transmitters, they are expected to be associated with the ER-Golgi pathway. Astrocytes were therefore stained for GM130, a marker of the cis-Golgi (Nakamura et al., 1995) . GM130 immunoreactivity was extensive and seen particularly in a perinuclear region. NPY immunoreactivity was colocalized in the same area of the cell (Fig.  3A) . Thus, the NPY immunoreactivity is appropriately located for a molecule that passes through the regulated secretory pathway.
Cells were also examined for the expression of CPE. This enzyme is located in dense-core granules and is involved in the processing of many neuropeptide prohormones (Fricker, 1988) . CPE immunoreactivity in astrocytes was punctate (Fig. 3B) , consistent with a marker of dense granules. Costaining for CPE and NPY indicated a substantial overlap (Fig. 3B) . The intensity ratio of the NPY and CPE immunoreactivity in individual puncta showed a single Gaussian distribution indicating that all NPY-IR granules contained CPE immunoreactivity (Fig. 4C) . To confirm that the punctate CPE immunoreactivity arose from the labeling of densecore granules, AtT-20 cells were stained with the CPE antibody. These neuroendocrine cells do not produce endogenous NPY but have dense-core granules that contain peptides (Dickerson et al., 1987) . Punctate CPE immunoreactivity was concentrated in the tips of the processes (Fig. 3C) , the site of peptide accumulation in these cells (Tooze and Burke, 1987) . Although control cells did not stain for NPY (Fig. 3C) , NPY-and CPE-IR puncta were colocalized in cells that had been transfected with the NPY plasmid (Fig. 3D ). This is expected if both antibodies recognized antigens that are located in dense-core granules.
Thus, cortical astrocytes can synthesize both endogenous and foreign neuropeptides. Furthermore, an endogenous neuropeptide, NPY, colocalizes with GM130 and CPE, two independent markers of the dense-core granule synthetic pathway.
NPY-containing granules and synaptic-like vesicles are differentially distributed in astrocytes
In neurons, classical and peptide cotransmitters are located in vesicles and dense-core granules, respectively (Kupfermann, Figure 4 . Synaptic-like vesicles and NPY puncta are differentially distributed. A, Example of an astrocyte that was stained for VGLUT1 and NPY. The bottom three panels show the boxed region in the top panel. VGLUT1-IR puncta are smaller than the NPY-IR puncta and do not colocalize. NPY and VGLUT1 fluorescence images are shown in grayscale and inverted to emphasize the punctate staining. Scale bar, 10 m. B, Line scan through the center of the boxed region in A. Intensity values were normalized to the peak of the NPY immunoreactivity. C, Ratio of the NPY and VGLUT1 immunoreactivity in individual puncta has a biphasic relationship (R 2 ϭ 0.99; n ϭ 120 puncta from 3 cells), confirming the presence of two populations of puncta. For comparison, the distribution of NPY and CPE immunoreactivity in individual puncta (Fig. 3B ) has a single peak (R 2 ϭ 0.99; n ϭ 120 puncta from 3 cells). The best-fit Gaussian distributions are shown overlaid on the data. 1991). These organelles are typically found in different regions of the cell; vesicles are clustered at the active zone, whereas peptide-containing dense-core granules are diffusively distributed in the axon or dendrite (Pickel et al., 1995; Hartmann et al., 2001) . Astrocytes also contain small synaptic-like vesicles that are involved in the secretion of glutamate (Bezzi et al., 2004; Montana et al., 2004) . To examine the astrocytic distribution of synaptic-like vesicles and peptide-containing granules, cells were stained for VGLUT1, the vesicular glutamate transporter. As described previously (Montana et al., 2004; Anlauf and Derouiche, 2005) , some astrocytes had punctate VGLUT1 staining, and this was typically distributed throughout the cell. Some of the VGLUT1-IR cells also stained for NPY (Fig. 4 A) . However, the VGLUT1-and NPY-IR puncta were not colocalized, and the former were smaller than the NPY-IR puncta (Fig. 4 A, bottom panels). A fluorescence profile through the center of a cell showed that the VGLUT1 immunoreactivity was also more uniformly distributed (Fig. 4 B) . An intensity-distribution plot of the NPY and VGLUT1 immunoreactivity was bimodal, confirming the presence of two organelle populations. As a control, a similar analysis of NPY immunoreactivity/CPE immunoreactivity revealed a single population of granules ( Fig. 4C ; see also Fig. 3B ).
Thus, in both neurons and astrocytes, small molecule and peptide transmitters are contained in distinct organelles. However, in contrast to neurons, there is no obvious clustering of these organelles at putative release sites.
Stimulation-dependent NPY secretion from astrocytes
If the NPY-IR puncta do contain an authentic transmitter, a signaling pathway(s) presumably exists that regulates peptide secretion. To test this idea, we challenged cells for 1 min with glutamate, ATP, histamine, or bradykinin. These native agonists can evoke the secretion of various molecules from astrocytes (Lipnik-Stangelj and Carman- Krzan, 2004; Montana et al., 2004; Mothet et al., 2005) . After stimulation, the cells were rapidly fixed and stained for NPY. We reasoned that if secretion did occur, then NPY-IR puncta would become visible on the surface of the cell. Because no permeabilization step was included, any staining should be limited to exposed, extracellular NPY. This strategy has revealed secretion in a variety of other preparations including chromaffin cells and pituitary lactotrophs (Phillips et al., 1983; Angleson et al., 1999) .
After treatment with the secretagogues, NPY-IR puncta did appear on the surface of many cells (Fig. 5A ). The excitatory transmitter glutamate was a particularly potent secretory stimulus, whereas ATP, bradykinin, and histamine were ineffective. Two control experiments indicated that the staining was attributable to the stimulation-dependent exposure of NPYcontaining granules to the extracellular space. First, in the absence of glutamate and no permeablization, very little membrane staining was observed (a negative control) (Fig. 5A) . However, significant intracellular staining was seen in permeabilized sister cultures (a positive control) (Fig. 5A ). Second, we tested whether fixation alone led to membrane permeabilization. Fixed cells were stained for GFAP, an intracellular protein that should not become exposed to the extracellular medium. Under these conditions, very little immunoreactivity was observed (Fig. 5B) . Importantly, this staining was not different in cells that had been exposed to glutamate.
Thus, the puncta seen in the nonpermeabilized astrocytes after glutamate stimulation appear to be caused by NPYcontaining granules that have fused with the cell membrane.
Several agonists elevate intracellular Ca
2؉ but vary in their ability to cause NPY secretion The observation that glutamate, but not ATP, bradykinin, or histamine, caused detectable fusion of NPY-IR puncta was unexpected because all have been used as secretagogues in astrocytes. Because NPY secretion requires elevation of intracellular calcium (see Fig. 7A ), we examined the relative ability of these agonists to alter cytoplasmic calcium. Each increased [Ca] i , and there was no significant difference in the peak increase in [Ca] i between the different ligands (Fig. 5C ). This was not attributable to saturation of the fluorescent signal because cotreatment with ATP and glutamate was significantly greater than either agonist alone (Fig. 5C) . Surprisingly, ATP, which did not evoke NPY secretion, gave rise to a sustained elevation of [Ca] i that was not seen with glutamate ( Fig.  5 A, C) . Because both ATP and glutamate cause release of classical transmitter from astrocytes but only the latter evokes NPY release (Jeremic et al., 2001; Mothet et al., 2005) (Fig. 5A) , this raises the possibility that astrocytes can differentially control peptide and classical transmitter secretion.
Activation of metabotropic glutamate receptors and release of calcium from intracellular stores evokes the surface appearance of NPY-IR puncta Astrocytes express both ionotropic and metabotropic glutamate receptors (Shelton and McCarthy, 1999; Janssens and Lesage, 2001) . To determine which class of receptors was involved, the glutamateinduced translocation of NPY-IR puncta was examined in the presence of 3-((R)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP) or 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonoamide (NBQX), antagonists of NMDA and AMPA/kainate receptors, respectively (Fig. 6 A) . Neither antagonist alone nor their combined application significantly suppressed the response to glutamate. This suggests that metabotropic glutamate receptors(s) may be responsible because astrocytes are known to express group I/II receptors (Petralia et al., 1996; Janssens and Lesage, 2001) . Consistent with this idea, trans-ACPD, an agonist of group I/II metabotropic glutamate receptors, evoked an increase in the surface appearance of NPY-IR puncta (Fig. 6 B) . The response was quantitatively similar to that evoked by glutamate. To determine which class of metabotropic glutamate receptors was involved, we applied ( S)-3,5-dihydroxyphenylglycine (DHPG) or (2 R,4 R)-4-aminopyrrolidine-2,4-dicarboxylate (APDC), agonists that are specific for group I and group II metabotropic glutamate receptors, respectively (Swanson et al., 2005 ). An increase in the number of surface NPY-IR puncta was seen after treatment with DHPG but not with APDC (Fig. 6C) . The increase in the number of NPY-IR puncta after DHPG treatment was comparable to that after glutamate (Fig. 6C) . These experiments indicate that astrocytes express group I metabotropic glutamate receptors that are coupled to NPY secretion.
Metabotropic glutamate receptors are thought to regulate transmitter release via a number of mechanisms including the release of calcium from intracellular stores and the modulation of membrane calcium channels (Fagni et al., 2000) . The pathway that evokes fusion of NPY-IR puncta does not appear to involve the influx of extracellular calcium because the metabotropic glutamate receptor-evoked increase in surface NPY-IR puncta was only slightly suppressed in a calcium-free 2 mM EGTA extracellular solution (Fig. 7A) . However the response to glutamate was markedly reduced in cells that were incubated in BAPTA-AM, a membrane-permeable calcium chelator (Fig. 7A) . These results indicate that activation of metabotropic glutamate receptors results in the release of intracellular calcium and the subsequent fusion of NPY-IR granules with the cell membrane.
To confirm a role for intracellular calcium stores in regulating the fusion of NPY-IR granules, cells were incubated in 1 M thapsigargin, a Ca 2ϩ ATPase inhibitor that elevates intracellular calcium levels in astrocytes (Innocenti et al., 2000) . Cells were treated with thapsigargin for 15 min with and without glutamate stimulation and stained for NPY. A significant increase in surface NPY-IR puncta was observed in thapsigargintreated cells compared with untreated, negative control cells (Fig. 7B) . Cotreatment of cells with thapsigargin and glutamate did not result in a further increase in the number of NPY-IR puncta compared with thapsigargin treatment alone (Fig. 7B) . Thus, the release of calcium from intracellular stores is able to trigger fusion of NPY-IR granules with the cell membrane.
Loss of surface NPY-IR granules occurs after exocytosis
To determine how long the NPY-IR puncta remained on the cell surface, astrocytes were stimulated for 1 min with glutamate and fixed after varying periods of time (i.e., no permeabilization step). By 1 min after stimulation, the number of surface NPY-IR puncta had decreased by 45%, and after 14 min the staining was not different from that seen in the control, nonstimulated cells (Fig. 7C) . The time constant for the loss of surface staining was 1.6 min (Fig. 7C, insets) . Thus, substantial loss of surface staining occurs within tens of seconds after termination of the stimulus. A, Examples of astrocytes (top) treated with 1 mM glutamate for 1 min in the presence and absence of 30 M BAPTA-AM (present for 45 min before glutamate stimulation) in a calcium-free medium. Cells were then fixed and stained for NPY without permeabilization (except for the positive control that reveals intracellular NPY immunoreactivity). Group data (bottom) indicate that BAPTA-AM blocked the increase in surface NPY-IR puncta that was triggered by glutamate treatment. Values are mean Ϯ SD; n ϭ 3 separate experiments, 10 -15 cells per experiment. B, Examples of astrocytes (top) treated with 1 M thapsigargin (TPG) for 15 min, in the presence and absence of 1 mM glutamate for 1 min. Group data (bottom) indicate that thapsigargin, an inhibitor of Ca 2ϩ ATPase, evokes a surface appearance of NPY-IR puncta comparable to that observed by treatment with 1 mM glutamate. Values are mean Ϯ SD; n ϭ 3 separate experiments, 10 -13 cells per treatment in each experiment. C, Examples of astrocytes (top) that were stimulated with 1 mM glutamate for 1 min, fixed, and stained for NPY immunoreactivity after varying lengths of time in extracellular solution (ES). Group data (bottom) show that treatment with glutamate for 1 min (Glutamate ϩ 0Ј ES) led to the appearance of surface NPY-IR puncta. A reduction in surface staining occurred within 1 min after removal of the glutamate stimulus (Glutamate ϩ 1Ј ES), and control levels of staining were found 14 min later (Glutamate ϩ 14Ј ES). Values are mean Ϯ SD; n ϭ 3 separate experiments, 10 -12 cells per experiment. The inset shows the loss of surface NPY immunoreactivity. Fitting the data with a first-order exponential function revealed a time constant () of 1.6 min. **p Ͻ 0.01. Scale bars, 15 m. pos cntl, Positive control; NS, not significant.
Neuropeptide secretion monitored with NPY-RFP-labeled granules
The experiments described so far indicate that astrocytes have NPY-containing dense-core granules that can fuse with the cell membrane. To assess whether peptide release follows granulecell membrane fusion, astrocytes were transfected with a plasmid encoding NPY fused to RFP. Two days after transfection, many cells had NPY-RFP puncta that were diffusely distributed throughout the cytoplasm (Fig. 8 A) . By tracking the intensity of multiple puncta in live cells, it was possible to visualize the glutamate-induced release of NPY-RFP. Application of glutamate triggered a reduction in the intensity of individual NPY-RFP puncta in a steplike manner consistent with peptide secretion (Fig. 8 A, B) . A 50 s application of glutamate evoked a significant reduction in the number of NPY-RFP puncta (Fig. 8 B) . The same stimulus evoked the extracellular appearance of NPY immunoreactivity (Fig. 5) . The glutamate-induced loss of NPY-RFP puncta started during the glutamate application (Fig. 8C) , and a cumulative plot of the release events versus time had a linear relationship. This suggests that once peptide release was triggered, it proceeded at a constant rate (Fig. 8 B, right) .
Quantifying the decline in the fluorescence of individual granules revealed that the percentage decrease in punctal intensity was bimodal. Two Gaussian populations were seen that corresponded to a mean drop in intensity of ϳ40 and 75% (Fig. 8 D, left) . However, the percentage change in the fluorescence of individual puncta was not related to the initial granule intensity (Fig. 8 D, right) , indicating that this distribution did not arise from dim granules being more difficult to quantify than bright ones. This result suggests that there might be a postfusion regulation of peptide secretion.
Although the fluorescence of the majority of puncta decreased in a single step, in some granules the signal declined in two phases. These "double-step" granules comprised ϳ13% of the total release events (Fig. 8 E, left; for one example, see Fig. 8 B, black trace) . When the cumulative drop in intensity was calculated for these granules, the loss of fluorescence was not different from that seen in "single-step" granules ( Fig. 8 E, right) . Thus, on average, both types of events release the same fractional amount of NPY-RFP.
Discussion
Here we show that cortical astrocytes have the ability to synthesize a range of neuropeptides including both endogenous (NPY) and heterologous (FMRFamide) molecules. These peptides were packaged into dense-core granules that do not fuse constitutively but are part of the regulated secretory pathway. After activation of glutamate receptors, the granules fuse with the cell membrane exposing the peptide- containing cores to the extracellular space. Thus astrocytes, like neurons, are able to secrete both classical and peptide neurotransmitters. These results support the emerging consensus that astrocytes are versatile cells that can regulate many aspects of neuronal function (Diamond, 2006) .
One important consideration is the physiological relevance of the peptidergic granules. Although the NPY-IR puncta were mainly studied in vitro, NPY-IR astrocytes were also found in situ (albeit at lower levels than in culture). Several lines of evidence indicate that the immunoreactivity arose from NPY in densecore granules. First, the cells contained mRNA encoding NPY, and the MALDI-TOF signal was consistent with authentic NPY. Second, the NPY-IR puncta costained for CPE, an enzyme characteristically found in the large dense-core granules of peptidesynthesizing cells (Fricker, 1988) . The NPY immunoreactivity was also partially colocalized with GM130, a Golgi marker. Third, the NPY-IR puncta fused with the cell membrane in a calciumregulated manner and were therefore located within the regulated secretory pathway. Our results are consistent with previous reports showing that rodent and human astrocytes contain the NPY prohormone (Barnea et al., 1998 (Barnea et al., , 2001 , secretogranin II, (Calegari et al., 1999) , and CPE (Klein et al., 1992) . The latter are both markers of the dense-core granule pathway. NPY is therefore a member of a growing list of neuropeptides that have been found in glial cells (Ubink et al., 2003) .
In neurons and neuroendocrine cells, the biology of classical and peptide transmitters is distinctive. Peptide transmitters are synthesized as part of larger prohormones and are packaged into dense-core granules. Classical transmitters are found within small synaptic vesicles. The synaptic vesicles are clustered at active zones whereas the peptidergic dense-core granules are more diffusely distributed. Classical transmitters are released by single action potentials, but neuropeptide secretion often requires high-frequency bursts of activity (Dutton and Dyball, 1979; Whim and Lloyd, 1989) . Finally, the calcium signals that elicit the release of the two types of transmitters may also be different (Kasai et al., 1996; Ohnuma et al., 2001) . Some of these features are also found in astrocytes. Such cells have small vesicles containing classical transmitters such as glutamate and ATP, and dense-core granules containing peptides such as NPY, enkephalins, secretogranin II, and perhaps ATP Parpura et al., 1994; Barnea et al., 1998; Calegari et al., 1999; Coco et al., 2003; Bezzi et al., 2004; Panatier et al., 2006) . We did not find the marked difference in vesicle and granule clustering that is typical of neurons. As noted by others (Montana et al., 2004) , the VGLUT1-positive vesicles were distributed throughout the cell with intense staining occasionally present at the cell membrane. In contrast, granular staining was not found at the cell periphery. Glutamate but not ATP evoked NPY release although both agonists similarly elevated [Ca] i . Both agonists can elicit the secretion of classical transmitters from astrocytes (Jeremic et al., 2001; Mothet et al., 2005) . This suggests that another feature astrocytes may share with neurons is the ability to differentially control the secretion of multiple types of transmitters.
It is curious that astrocytes contain both classical and peptide transmitters. These features were once considered hallmarks of neurons but are apparently shared with astrocytes. Although astrocytes do not generate action potentials, they can release classical transmitters like glutamate via a calcium-dependent fusion mechanism. The underlying molecular mechanism appears similar to that in neurons because it involves the calcium sensor synaptotagmin and various SNARE proteins (Zhang et al., 2004a,b) . Although much less is known about the control of peptide secretion, a recent study showed that GFP-tagged atrial natriuretic peptide could be released from astrocytes after treatment with a calcium ionophore (Krzan et al., 2003) . We found that NPY-containing dense-core granules could fuse with the cell membrane in a stimulation-dependent manner. Of the agonists tested, the activation of endogenous group I metabotropic glutamate receptors was a potent secretory stimulus presumably because it involved the release of calcium from intracellular stores. The release of small molecule transmitters from astrocytes also requires calcium and can be evoked by a variety of agonists including glutamate, ATP, and bradykinin (Parpura et al., 1994; Jeremic et al., 2001; Mothet et al., 2005) . Thus, NPY secretion from astrocytes occurs via a regulated secretory pathway and is a calcium-dependent process.
The behavior of the peptidergic granules at a postfusion stage also has similarities to other cell types. In particular, during exocytosis, the peptide-containing dense cores could be bound by extracellular NPY antibody. Prolactin-containing granules in lactrotrophs also remain exposed for extended periods of time (Angleson et al., 1999) . Dense-core granules in chromaffin cells contain dopamine ␤-hydroxylase (D␤H), and secretion results in the appearance of D␤H-IR puncta on the cell surface that are subsequently internalized (Phillips et al., 1983; Wick et al., 1997) . After secretion in chromaffin cells, GFP-tagged NPY granule cores can be "displayed" on the cell surface for minutes (Perrais et al., 2004) . We found that secretion from astrocytes could be followed by monitoring the appearance of NPY-IR puncta on the cell surface, suggesting that these features are not limited to neuroendocrine cells. The NPY immunoreactivity probably arose from a completely exposed granular core because the dimensions of a typical antibody [F ab , Ͼ10 nm (Sarma et al., 1971) ] make it unlikely that it could enter through a fusion pore [thought to be Ͻ3 nm for large dense-core granules (Albillos et al., 1997) ].
The live cell imaging experiments reported a decline in the number of NPY-RFP-labeled puncta after glutamate stimulation. This indicates that the fusion of peptidergic granules with the cell membrane leads to peptide secretion. The double-step change in the fluorescence of some granules suggests that peptide release can be regulated at a postfusion step. Such a behavior would be consistent with a repetitive opening and closing of the fusion pore (Henkel et al., 2000) . Could NPY release be via a kiss-and-run-type process? Intriguingly, kiss-and-run secretory events have been described in astrocytes that have been loaded with dopamine or FM1-43 (Chen et al., 2005) . However, because these organelles stained for the small transmitter glutamate (Chen et al., 2005) , they are unlikely to be the peptidergic granules that we have studied. Quantal peptide secretion also has a number of characteristics that probably eliminate a kiss-and-run mode of secretion. Several studies have measured secretion from dense-core granules using a combination of capacitance tracking and fluorescently tagged molecules (Barg et al., 2002; Vardjan et al., 2007) . These approaches have indicated that a molecule the size of NPY-RFP is unlikely to exit through a fusion pore. Instead, peptide release probably occurs after full granule fusion (Perrais et al., 2004; Fulop et al., 2005) . One possibility is that the double-step signals arise from a compound fusion of granules such as observed between peptidergic granules in lactotrophs (Cochilla et al., 2000) . Less likely would be a multiquantal dissolution of the peptide core. We also cannot exclude the possibility that they are caused by the sequential fusion of two granules that are close together.
What could be the function of the astrocytic NPY? As shown for other gliotransmitters (Araque et al., 1998; Kang et al., 1998) , NPY could regulate transmitter release from nearby neurons. Presynaptic Y2 receptors on Schaffer collaterals (the axons of CA3 neurons) inhibit glutamate release (McQuiston and Colmers, 1996) , and NPY can also regulate neuronal excitability via postsynaptic Y receptors (Obrietan and van den Pol, 1996) .
Other potential roles for NPY include trophic actions. NPY can regulate the growth of vascular tissue (Zukowska-Grojec et al., 1993) and is a neuroproliferative factor in the CNS (Hansel et al., 2001) . Astrocytes produce a variety of trophic factors such as BDNF and NGF, the synthesis of which is increased after cellular trauma (Rudge et al., 1995; Krenz and Weaver, 2000) . The levels of hippocampal neuronal NPY mRNA are also elevated after epileptic seizures (Marksteiner et al., 1990; Ma et al., 2002) , and NPY can play a protective role (Baraban et al., 1997; Tu et al., 2005) . Conceivably, the secretion of NPY from astrocytes during seizure activity could be a protective response that reduces pathological neuronal activity. In fact, dynamic changes in the levels of a variety of astrocytic proteins have been reported including the neuropeptides nociceptin/orphanin FQ, which are synthesized in response to oxidative stress (Rosenberger et al., 2001) .
Finally, one additional site of action could be the astrocytes themselves. Some astrocytes express NPY receptors (St-Pierre et al., 2000) , raising the possibility of an autocrine site of action.
In conclusion, this work shows that cortical astrocytes have the ability to synthesize a variety of neuropeptides including NPY. The newly produced peptide enters the regulated secretory pathway and is stored in dense-core granules. A secretory stimulus can trigger the fusion of the granules with the cell membrane, resulting in the liberation of peptide to the extracellular space. The results support the idea that astrocytes have two regulatory secretory pathways (mediating classical and peptide transmitter release) and that these cells should be regarded as a potential source of neuropeptides within the mammalian brain.
